Schmidt, Kerstin E., Wolf Singer, and Ralf A. W. Galuske. Processing deficits in primary visual cortex of amblyopic cats. J Neurophysiol 91: 1661 -1671 , 2004 . First published December 10, 2003 10.1152 /jn.00878.2003 . Early esotropic squint frequently results in permanent visual deficits in one eye, referred to as strabismic amblyopia. The neurophysiological substrate corresponding to these deficits is still a matter of investigation. Electrophysiological evidence is available for disturbed neuronal interactions in both V1 and higher cortical areas. In this study, we investigated the modulation of responses in cat V1 to gratings at different orientations and spatial frequencies (SFs; 0.1-2.0 cycles/°) with optical imaging of intrinsic signals. Maps evoked by both eyes were well modulated at most spatial frequencies. The layout of the maps resembled that of normal cats, and iso-orientation domains tended to cross adjacent ocular dominance borders preferentially at right angles. Visually evoked potentials (VEPs) were recorded at SFs ranging from 0.1 to 3.5 cycles/°and revealed a consistently weaker eye for the majority of squinting cats. At each SF, interocular differences in VEP amplitudes corresponded well with differences in orientation response and selectivity in the maps. At 0.7-1.3 cycles/°, population orientation selectivity was significantly lower for the weaker eye in cats with VEP differences compared with those with no VEP amplitude differences. In addition, the cutoff SF, above which gratings no longer induced orientation maps, was lower for the weaker eye (Ն1.0 cycles/°). These data reveal a close correlation between the loss of visual acuity in amblyopia as assessed by VEPs and the modulation of neuronal activation as seen by optical imaging of intrinsic signals. Furthermore, the results indicate that amblyopia is associated with altered intracortical processing already in V1.
I N T R O D U C T I O N
Strabismus refers to a misalignment of the optical axes of the two eyes that, in humans, occurs either congenitally or is acquired in the course of various pathologies. When strabismus is present during early development binocular fusion and stereopsis become severely impaired. Frequently, diplopia is avoided by using only one eye at a time for fixation. However, in many cases, one eye is permanently suppressed from conscious vision and develops perceptual deficits referred to as strabismic amblyopia. Behaviorally, these deficits consist of reduced visual acuity expressed as reduced contrast sensitivity and reduced spatial resolution as well as reduced Vernier acuity (Levi and Klein 1985) , temporal instability (Altmann and Singer 1986) , spatial distortions of the images (Hess and Holliday 1992; Hess et al. 1978; Lagreze and Sireteanu 1991; Pugh 1958; Sireteanu et al. 1993a) , and crowding Klein 1983, 1985) .
Cats and monkeys with a surgically induced squint angle can serve as a model of the human disorder as well as a model of experience-dependent postnatal development of neuronal connectivity. In cats, the lack of binocular vision is accompanied by a drastic reduction of binocular neurons in primary visual cortex (e.g., Hubel and Wiesel 1965) , an enhanced eye-specific segregation of geniculocortical afferents into ocular dominance domains (Löwel 1994; Shatz et al. 1977) , and decreased interocular interactions through long-range intrinsic connections (Löwel and Singer 1992; Schmidt et al. 1997; Trachtenberg and Stryker 2001) . While the lack of binocular neurons has been suggested to form the basis of disturbed stereoscopic vision in monkeys (Crawford et al. 1983 ) and humans (Hohmann and Creutzfeldt 1975) , the neurophysiological substrate of the visual acuity deficit remains less clear.
In primary visual cortex, neurons driven by the deviating eye are as numerous as those driven by the normal eye (cat: Chino et al. 1983; Mower et al. 1982; Roelfsema et al. 1994; Singer et al. 1980; human: Horton and Hocking 1996; macaque: Blakemore and Vital-Durand 1992; Kiorpes et al. 1998 ) and exhibit no or slightly disturbed spatial response properties (Blakemore and Vital-Durand 1992; Chino et al. 1983; Crewther and Crewther 1990; Eschweiler and Rauschecker 1993; Freeman and Tsumoto 1983; Kiorpes et al. 1998; Roelfsema et al. 1994; Singer et al. 1979 Singer et al. , 1980 . However, response latencies to visual stimulation of the deviating eye (Eschweiler and Rauschecker 1993) and to electrical stimulation of its optic nerve (Freeman and Tsumoto 1983) are clearly prolonged compared with the normal eye. Compatible with this finding and in accordance with reduced behavioral performance, synchronization of responses among neurons driven by that eye is reduced at high spatial frequencies (Roelfsema et al. 1994) . Recent functional MRI (fMRI) studies of strabismic amblyopic humans revealed functional deficits also at the level of V1 (Algaze et al. 2002; Barnes et al. 2001; Goodyear et al. 2000 Goodyear et al. , 2002 .
To gain a comprehensive insight into the relation between the processing of visual signals in V1 and the acuity deficit of amblyopic animals, we correlated orientation preference maps at different spatial frequencies (SFs) obtained by optical imaging of intrinsic signals with visually evoked potentials (VEP) in squinting cats. Optical imaging allows for the visualization of spatially distributed neuronal activity over large areas, and in addition, is capable of displaying not only neuronal spiking (Thompson et al. 2003) , but also subthreshold activity (Das and Gilbert 1995; Toth et al. 1996) . VEPs, in turn, are known to correspond to behaviorally evaluated interocular differences in visual acuity in strabismic cats and humans (Arden et al. 1974; Holopigian et al. 1991; Levi and Harwerth 1978; Lombroso et al. 1969; Manny and Levi 1982; Spekreijse et al. 1971) .
M E T H O D S

Animals
Three normally raised and 11 esotropic strabismic cats of our institute's colony were included in this study. At the age of 2.5-15 mo, VEPs were evoked in primary visual cortex with phase-reversing gratings at different SFs and compared with orientation preference maps that were obtained with optical imaging again at different SFs and separately for the two eyes. In two strabismic cats, the ocular dominance distribution was evaluated by electrophysiological singleunit recordings at the end of the imaging experiment. All animal experiments have been performed according to the German Law on the Protection of Animals and corresponding European Communities Council Directive (86/609/EEC).
Induction of squint
Anesthesia consisted of an intramuscular injection of ketamine hydrochloride (10 mg/kg, Ketanest, Parke-Davis) and xylazine hydrochloride (2.5 mg/kg, Rompun, Bayer). Convergent squint was surgically induced in nine kittens at the age of 11-16 days (A5, 31 days) by transecting the tendon of the lateral rectus muscle of one eye (see Table 1 ). This procedure has been proven not to induce any deprivation effect or deficits in subcortical pathways (Crewther et al. 1985; for review, Rauschecker 1991) . Subsequently, the ratio of the corneal reflex distance over the distance between the pupils was monitored weekly from the age of 2-8 wk. To this end, each cat was restrained manually, and several flashlight snapshots of the animal's face were taken. The distances between the corneal reflexes and the pupils were measured on the photoprints. The ratio of the reflex distance over the pupillary distance can be taken as a reliable indicator of eye alignment (Olson and Freeman 1978; Sherman 1972; . The ratios measured were always in the range of 0.97-1.01 in all operated cats, indicating a successful induction of esotropia (Sireteanu et al. 1993b; . None of the cats had anisometropia Ͼ1 dpt at the time of the final optical imaging experiment.
Refraction of the eyes
The pupils were dilated, and accommodation was paralyzed by topical atropine (1%) application. The nictitating membrane was retracted with topical phenylephrinhydrochloride (1%). Corneae were protected by contact lenses with an artificial pupil of 3 mm diam and with sufficient power to focus the eyes on the stimulation monitor (21 in, 100-Hz refresh rate, Hitachi CM815ET Plus) at a distance of 57 cm. Refraction was double-checked by two experimenters with a Rodenstock refractometer. When contact lenses were changed or eyes were cleaned with saline solution, topical anesthesia with proxymetacaine-hydrochloride was applied. The deviating eye was aligned on the monitor by means of a prism or slight abduction (Yin et al. 1983) to ensure equal visual stimulation conditions for both eyes.
Surgery and anesthesia for optical imaging and electrophysiology
Anesthesia was induced as described above (ketamine/xylazine), and after tracheal intubation and cannulation of a humeral vein, was maintained by ventilating the cat with a mixture of 70% N 2 O-30% O 2 supplemented by 0.4 -1% halothane (Hoechst). After completion of the surgery, animals were paralyzed for recording with a continuous infusion of pancuronium (0.3 mg/kg/h). The animal's head was fixed in a stereotaxic frame by means of a metal nut cemented onto the skull. The ECG, pulmonary pressure, and CO 2 content of the expired air were continuously monitored. End-tidal CO 2 was kept in the range of 3-4%, and rectal temperature was maintained in the range of 37-38°C. A craniotomy covering both hemispheres was performed between A6 and P13 (Horsley-Clarke), and a circular stainless steel chamber, 20 mm diam, was mounted onto the skull over the exposed region with dental cement (Paladur, Kulzer, Wehrheim, Germany). After removing the dura, the chamber was filled with silicone oil (Boss Products, Elisabethtown, KY) and sealed with a round glass coverslip. Additionally, three silver ball electrodes were implanted subdurally at the midline (Horsley-Clarke L0/P4) and laterally over both occipital cortices (L5/P6).
VEPs
Since visual acuity of the operated eye varies in adult strabismic cats (Roelfsema et al. 1994; Yin et al. 1983 ), all squinting cats and cat N1 were tested prior to optical imaging by means of VEPs. Amplitudes of VEPs are reduced for amblyopic eyes compared with normal companion eyes in cats Von Grünau and Singer 1980; Yin et al. 1983 Yin et al. , 1994 and humans (Holopigian et al. 1991; Lombroso et al. 1969; Manny and Levi 1982) . VEPs were recorded in anesthesia from three silver ball electrodes placed over visual cortex (L0/P4; L5/P6 bilaterally) using an acquisition system based on a PDP 11 computer (Digital VT 101). Individual trials lasted 1 s, during which phase-reversed (every 500 ms) vertical whole-field gratings (30 ϫ 40 cm) at eight SFs (0.1, 0.4, 0.7, 1.0, 1.3, 2.0, 2.6, and 3.5 cycles/°) plus a control stimulus devoid of contours matching the average luminance of the grating (34.1 C/m 2 ) were presented monocularly in random order at a distance of 57 cm. Gratings were presented at high contrast (93%) because amplitude differences between potentials evoked by different eyes are more pronounced at high contrast Yin et al. 1983) . One hundred repetitions per condition were averaged; each average contained the responses to two reversals. For quantification, the response to two reversals was summed. Latencies and sequences of peaks and troughs differed depending on the eye and tested SF (Arden et al. 1974; Snyder and Shapley 1979) , and amplitudes varied in different cats (Yin et al. 1983) . Therefore the largest evoked amplitude (difference between the 1st negative and 1st positive deflection) in an interval between 30 and 160 ms after each reversal was taken as an objective measurement of visual performance of the two eyes per SF (amplitude A2 in ). In Fig. 1 , the amplitude means of two cats were plotted as relative units normalized to the largest amplitude per cat as a function of SF (Fig. 1 ). For quantification, the difference between the two eyes was expressed as the relative difference between mean amplitudes in percent of the respective larger amplitude (see also Yin et al. 1983) . Differences were evaluated only in cases in which at least one grating evoked response was larger than the responses to the luminancematched stimulus recorded within the same time period (noise level).
Optical imaging of intrinsic signals
Subsequently, orientation preference maps were visualized in V1 with optical imaging of intrinsic signals (for methodological details see Bonhoeffer and Grinvald 1993; Schmidt et al. 1997) . Recording chambers centered on Horsley-Clarke coordinate P4 were filled with silicone oil and sealed with a glass coverslip. Signals were recorded with a cooled CCD camera system (System 2000, Digital Pixel; or Ora2001, Optical Imaging Europe, Munich, Germany) under illumination with light of a wavelength of 560 nm for surface images and of 620 nm for functional imaging. The camera was fitted with a lens system consisting of two 50-mm Nikon objectives and a 2ϫ extender providing a 3.6 ϫ 4.8-mm field of view at the resolution of 144 ϫ 192 pixels. For functional imaging, the camera was focused at 600 m below the pial surface.
Cats A1-A9 and N1 were monocularly stimulated with squarewave whole-field (30 ϫ 40 cm) gratings of four different orientations (0, 45, 90, and 135°) moving in two directions at seven different SFs ranging from 0.1 to 2.0 cycles/°(total ϭ 56 conditions); cats A10, A11, N2, and N3 were tested at 0.5 cycles/°only. Each condition was presented 32-40 times per stimulation block. Stimuli were presented in pseudo-randomized order in two protocols containing 32 (0.1, 0.4, 0.7, and 1.0 cycles/°) or 24 conditions (0.5, 1.3, and 2.0 cycles/°) because the acquisition system was limited to a maximum of 32 conditions. In each protocol, conditions were repeated eight times, and the two protocols were presented interleaved to keep the time between conditions of the same block short. Contrast was kept constant (93%), and mean luminance was 34.1 C/m 2 ; drift velocity was either adapted to maintain the flicker frequency at 2 Hz or gratings drifted at 4°/s (Table 1) . Stimuli were presented for 3 s, and camera frames were collected during the entire stimulation period.
For quantitative analysis, signals were averaged by stimulus condition and divided by the average of all images in a given stimulation protocol ("cocktail blank") and filtered using a high pass of 50 pixels and a low pass of 3 pixels. The two raw data blocks containing different spatial frequencies could not be merged because of overall offset brightness variations in the camera frames of different randomizations taken at different times. Because this problem could neither be overcome by cocktail blank nor blank normalization (unpublished observations), we economized recording time by using cocktail blank normalization. This procedure was appropriate since we were interested in relative differences between maps evoked by different eyes and not in absolute differences of signal strength.
Responses to the four stimulus orientations were vectorially summed for each pixel. For the orientation vector (tuning) strength, the length of the resulting vector per pixel was normalized to the sum of all four orientation responses giving values between 0 and 1 (0 for completely unmodulated pixels and 1 for pixels selectively responding to only one orientation). Vector strength was computed for the sum of single condition maps obtained with stimulation of one eye and one SF and pseudocolor-coded for illustration (Fig. 5) . Vector FIG. 1. Averaged visually evoked potentials (VEPs) of cat A8 (A and B) and cat A2 (C) during monocular stimulation with phase reversed square wave gratings. A: analog signal averaged from 100 trials recorded during 2 phase reversals (500 ms) through a silver ball electrode positioned over the vertex. Recordings lasted 1,000 ms and started with the onset of the 3rd of 6 phase reversals. Note that amplitudes A2 evoked by stimulation of the left eye are consistently lower and latencies higher than those evoked by stimulation of the right eye. Amplitudes of peak A2 decline and latencies increase with increasing spatial frequency (SF) for both eyes. B and C: mean evoked maximal amplitudes (peak to trough, A2) in the interval of 80 -150 ms after the phase reversal are displayed in relative units between noise level (0) and the maximal evoked amplitude in the overall data set (1) and plotted against the logarithm of the tested SF. Vertical bars represent SE in 100 trials. Left eye mean amplitudes are interconnected with the gray dashed line; right eye mean amplitudes with the black solid line. B: data depicted in A. Note that mean amplitudes Ϯ SD are nonoverlapping for the 2 eyes in B but overlapping in C, although both cats underwent squint surgery.
(tuning) strength averaged over a region of interest void of large blood vessels was compared between both eyes for each SF. Relative interocular differences in percentage of the respective larger vector strength were compared for different SFs and different cats (hemispheres).
For further comparison, data obtained at 0.5 cycles/°in cat MD, which had been monocularly deprived for 1 wk at the age of 30 days, were analyzed ; see their Fig. 1) . In cats A4, A5, and A7, both hemispheres were examined.
Since the number of neurons preferring vertical contours is reduced in amblyopic cats (Chino et al. 1983 (Chino et al. , 1991 Cynader et al. 1984; Singer et al. 1979) , we investigated the relative size of the cortical territory devoted to the vertical orientation domains (0°). To this end, we split interocular vector strength differences at 0.5 cycles/°of all cats into four compartments (ct) according to the preference angle ␣ per pixel: ␣ ϩ 45°Ͼ ct Ն ␣ Ϫ 45°.
Analogous to cumulative spatial frequency maps introduced by Issa et al. (2000) , ocular dominance distributions were computed from the maps generated through the respective eyes at a single SF. To this end, each pixel was assigned to the eye (and the SF) evoking the strongest response in the respective condition cocktail (32 or 24 conditions).
To characterize the local geometric relationship between iso-orientation domains and ocular dominance borders, we computed their intersection angles in maps obtained at 0.5 cycles/°. A detailed description of this method is given in Löwel et al. (1998) .
Electrophysiological recordings
The ocular dominance distribution was additionally investigated by electrophysiological unit recordings in hemispheres ipsilateral to the operated eye in two cats (A7, 141 units; A8, 179 units) to estimate the possibility that our squint surgery had induced monocular deprivation. Extracellular activity was recorded with tungsten micro-electrodes, band-pass filtered from 1 to 3 KHz, and fed into a Schmitt trigger to threshold the signals. Thresholds were adjusted during stimulation with bars of different speed and orientation to isolate single-unit activity. Subsequently, ocular dominance was assessed acoustically during separate stimulation of the eyes with light bars produced by a hand-held projector. According to their ocular dominance, neurons were grouped into five classes (Gu and Singer 1993) . Units that were driven exclusively by one eye were classified in groups 1 or 5 depending on whether they were dominated by the eye ipsilateral or contralateral to the recorded hemisphere. Units responding to both eyes but stronger to one eye were assigned to group 2 for ipsilateral eye dominance and group 4 for contralateral eye dominance. Units responding almost equally strong to both eyes were classified as group 3.
R E S U L T S
VEPs
In VEP measurements, responses with amplitudes higher than those obtained in the iso-luminant control condition could be detected up to SFs of 2.0 -2.6 cycles/°. These cutoff frequencies are in agreement with a study of the development of VEPs in cats using similar stimulation (Freeman and Marg 1975) . For the classification of visual deficits, averaged responses evoked from the two eyes were compared (Fig. 1A) . In the following, a VEP data set is defined as a pair of averaged maximal responses evoked by stimulation of each eye at a certain SF and a certain electrode. Only data sets in which at least one of the two averaged responses was above noise level were included in the quantitative analysis. Data from different electrodes in the same cat were not pooled because interocular amplitude differences varied slightly between hemispheres. Thus for the following classification of cats and statistics, only data from the vertex electrodes were compared. The normal control cat N1 revealed average amplitude differences of 18.3 Ϯ 6.8% (SD) between the eyes at all evaluated SFs (0.1-2.0 cycles/°) and the means Ϯ SD of the two amplitude distributions were overlapping except at 0.1 cycles/°. The esotropic cats split into two groups (compare Fig. 1, B and C) . The first group consisted of esotropic cats A1 and A2 and was classified as "nonamblyopic" (NA) because mean amplitude Ϯ SD intervals overlapped. The two cats revealed average amplitude differences of 19.4 Ϯ 13.0% between visual potentials evoked through different eyes (Figs. 1C, 2 , and 6B), and as in the normal cat, the eye through which higher amplitudes could be evoked was switching in a nonsystematic manner each eye leading in about 50% of the VEP data sets (see Fig. 1C ). These observations indicate that neither cat A1 nor A2 had developed a consistently weaker eye after squint surgery. The second group consisted of cats A3-A11. In this group, amplitudes evoked by stimulation of the operated eye, and in cat 5 of the nonoperated eye, were lower than those evoked by the companion eye and had nonoverlapping mean amplitude Ϯ SD distributions in 93 Ϯ 7% of the VEP data sets (Figs. 1, A and B, and 2). Mean amplitudes of responses evoked from the weaker eye were on average 48.9 Ϯ 26.9% lower than those evoked by the companion eye. Therefore cats A3-A11 were classified as "amblyopic" (A). In all squinting cats, at least one eye evoked responses in the range of the normal cat. This excludes the development of bilateral amblyopia.
For statistical testing, mean inter-ocular amplitude differences at each electrode were compared between cat groups and separately for each investigated SF (Fig. 2) . Amplitude differences between NA cats and the normal control were not different from each other (Mann-Whitney-U; P ϭ 0.41) and were therefore treated as one NA/normal group for later processing. Distributions of mean amplitude differences were significantly different between NA/normal and A cats (Mann-Whitney-U: P Ͻ 0.015 for groups of 36 data sets at each of 5 tested SFs between 0.1-1.3 cycles/°). SFs higher than 1.3 cycles/°(2.0 -3.5 cycles/°) were not statistically tested because amplitudes did not exceed the noise level in some data sets and because close to noise level relative interocular differences became large in both normal and strabismic data sets. Although the leading eye switched frequently in this group (Fig. 1C) , differences in the NA/normal group were treated as uni-directional for conservative statistical treatment.
To exclude multiple comparison (more than 1 data set from the same cat), we also tested interocular amplitude differences pooled from all SFs within one cat. Also in this analysis, the distributions of the means were significantly different between NA/normal and A cats (Mann-Whitney-U: P ϭ 0.014, n ϭ 12).
Geometry of orientation preference maps
There was no difference in layout between orientation maps of normal, A, and NA esotropic strabismic cats at different SFs. Maps elicited by stimulation of the operated or nonoperated eye did not differ in shape and geometry of the domains. Intersection angles between ocular dominance borders and iso-orientation lines were computed for A and NA cats that exhibited well-modulated maps for both eyes at 0.5 cycles/°( n ϭ 8), which was the optimal stimulation frequency for area 17. Iso-orientation domains tended to cross ocular dominance borders continuously and intersect at right angles (20.3 Ϯ 2.3% in the group of 75-90°) in both NA and A cats as described previously for divergent and convergent NA cats (Fig. 3 ).
Orientation preference maps at different spatial frequencies
Since there was neither a qualitative nor a quantitative difference between maps obtained with fixed or adjusted drift velocity, data obtained with these different protocols were merged. In all cats tested at different SFs (A1-A9, N1), orientation domains in V1 could be elicited by stimulation of either eye at low SFs (Յ0.7-1.0 cycles/°; Figs. 4 and 5). However, as indicated by lower contrast in some maps, re- All images were normalized to cocktailblank and clipped at fixed values (range, 0.08%). Therefore all images can be compared in signal strength using the gray value bar at the bottom (black codes highest signal intensity). Bottom left corner: video image of the recorded area in 560 nm. Scale bar: 1 mm. L, lateral; A, anterior; M, medial; P, posterior. Note that modulated single condition maps can be observed for both eyes but that the signal strength is lower in maps obtained with left eye stimulation, especially at higher SFs.
sponse strength for stimulation of the A eye was on average lower than for stimulation of the NA eye at all SFs (Fig. 4) . This was not the case for NA cats. In the A cats, differences in the single condition maps became particularly pronounced at high SFs, and finally, maps were often no longer elicited through the A eye with high-frequency gratings (Ͼ1 cycles/°), whereas maps evoked through normal eyes were occasionally preserved Յ2.0 cycles/°.
As a quantitative parameter, we evaluated orientation vector strength (see METHODS), which reflects the orientation specific modulation of neuronal responses in the map. Although the parameter is normalized to the overall response, it is not completely independent of the signal-to-noise ratio and usually reflects both responsiveness and tuning strength. Thus in the majority of pixels, large vector strengths usually correlate with large response strengths and vice versa. Data collected at 2.0 cycles/°were not included in the quantitative analysis because the induced vector strengths were sometimes very low, both in squinting and normal cats, in agreement with the lack of modulation in single condition maps (see Figs. 4 and 6A) . They were in the range of the deprived eye's vector strength of cat MD at 0.5 cycles/°(vector strength Ͻ0.1).
The average orientation vector strengths of maps evoked from the two eyes were compared at a given SF. Eyes through which lower VEP amplitudes were evoked exhibited lower average vector strengths at nearly all SFs. Pseudo-color-coded images of the vector strength per pixel (vector map) are given for A cat A7 in Fig. 5 . Green and yellow colors indicating high vector strength dominate in the territory of the stronger eye compared with blue colors, which indicate lower vector strengths in the territory of the weaker eye at most of the SFs. The average vector strength per pixel in a defined region of interest was higher for the nonsquinting eye at all tested SFs in cat A7 (18.9 Ϯ 16.6%) but not in cat A1 (mean difference, 2.7 Ϯ 2.4%; Fig. 6A ). This was in good agreement with the accompanying differences in VEP amplitudes (Fig. 6, B  and C) .
In the group of A cats (A3-A11), the mean inter-ocular vector strength difference between orientation maps at all tested SFs (with the exception of 2.0 cycles/°) was 18.5 Ϯ 0.41% (n ϭ 12 hemispheres; Fig. 7A , Table 1 ). For comparison, the monocularly deprived cat exhibited an inter-ocular difference in orientation vector strength of 66% at a SF of 0.5 cycles/°. When averaging over all data sets at a certain SF (Fig.  7B) , the mean vector strength difference was similar (18 Ϯ 13%; n ϭ 56 data sets, only cats A3-A9). In 86 Ϯ 14% of the A data sets, average orientation vector strength was lower for the eye that was identified as the weaker one in the VEP measurements.
By contrast, the normal and the two NA cats exhibited relative differences between the average vector strength of the maps of different eyes of Ͻ9% at each tested SF (0.1-2-0 cycles/°). As exemplified for cat A1, these small interocular differences in vector strength (Fig. 6A) were of the same magnitude as the small VEP amplitude differences that justified the classification of this cat as NA (Fig. 6C) .
Average vector strength differences were 4.4 Ϯ 2.4% for the two NA cats and 4.6 Ϯ 1.9% for the three normal cats (Fig. 7A , Table 1 ). In cats N1 and A1, the eye producing the higher vector strength per SF switched nonsystematically and not always consistently with the eye dominance in VEP recordings; each eye led in about one-half of the cases (Fig. 6, A and  C) . In NA cat A2, the left operated eye led in vector strength at all SFs except 0.1 cycles/°(83% of the data sets), but interocular differences were not higher than for the remaining normal/NA group. Mean vector strength differences are significantly different between cats of the normal/NA (n ϭ 5) group and cats of the A (n ϭ 9) group (Fig. 7A, Table 1 , MannWhitney-U: P ϭ 0.0027).
When SFs were separated, the distributions of mean vector strength differences were significantly different between the normal/NA and the A group at 0.7, 1.0, and 1.3 cycles/°(all cats except N2, N3, A10, and A11, n ϭ 13 hemispheres per set, Mann-Whitney: P Ͻ 0.05; Fig. 7B ). In agreement with the fading of the weaker eye's maps toward high SFs (Fig. 4) , the difference in vector strength (group average) increased toward higher SFs in the A group. Although average interocular differences were computed from different data blocks and cats, a linear regression fit revealed a significant increase of mean vector strength differences between maps evoked through different eyes toward high SFs in the A group (ANOVA, R ϭ 0.3; P ϭ 0.02) but not in the normal/NA group (ANOVA, R ϭ 0.059; P ϭ 0.81; Fig. 7B ). Because these data originated from a composite sample, we additionally repeated the same test 100 times with randomly resampled subsets each time including 90% of the original A data. This analysis revealed a significant (P Յ 0.05) positive regression between interocular differences and SFs in 80% of the subsamples.
In three A cats (A4, A5, and A7), both hemispheres were investigated. In this subsample, interocular differences in vector strength were on average higher in the hemispheres contralateral (19.1 Ϯ 7.6%) than ipsilateral (11 Ϯ 6.6%) to the weaker eye.
Analyzing interocular vector strength differences in relation to preferred angle of orientation revealed that in maps evoked with 0.5-cycles/°differences in the normal/NA group were FIG. 7. Means of interocular differences in average vector strength splitted by group (A), SF (B), and angle (C). Error bars ϭ SE. A: interocular vector strength differences in the monocular tuning maps. Means of all maps in individual cats were averaged per group as classified according to the VEP criteria (NA/A). The difference between the normal/NA group and the A group is significant (P ϭ 0.0027). B: interocular vector strength differences in the monocular tuning maps split by SF and averaged by cat. Stars indicate significance (P Յ 0.05). C: interocular vector strength differences split by preference angle and group (all cats, data obtained at 0.5 cycles/°). Normal and NA cats show smaller differences in vertical and horizontal domains than in oblique.
usually smaller in vertical and horizontal than in oblique angle compartments. However, in the A group, the advantage of both cardinal angles diminished and interocular differences were equally high at all angles (Fig. 7C) . Also, pixels preferring vertical contours did not appear to be numerically underrepresented (data not shown).
Correlation of VEP and optical imaging data
Differences in orientation vector strength were also compared with differences in mean VEP amplitudes at the respective SFs to validate that VEP amplitude differences are predictive for differences in vector strength. For this analysis, only VEP recordings from the hemisphere used for optical imaging were evaluated. This comparison revealed a significant correlation between the direction and size of the difference in VEP amplitude and the direction and size of the difference in orientation vector strength at a given SF ( Fig. 8 ; all cats except N2, N3, A10, and A11; n ϭ 66; R ϭ 0.619, P Ͻ 0.0001).
Ocular dominance distribution
To exclude that the weaker eye dominated less cortical territory and drove less neurons, as it is the case with monocular deprivation, we investigated ocular dominance distributions both in the maps and electrophysiologically. In the optically recorded maps, ocular dominance distributions at each tested SF were estimated on a strongest-response-per-pixel basis for the respective condition cocktail. In the A group, the cortical representation of both eyes was balanced in the average of all data sets. The numbers of pixels dominated by different eyes differed by 0.8 Ϯ 27% per cat/SF pair. The weak eye tended to dominate slightly more pixels than the normal eye at low SFs (Յ0.4 cycles/°) and less pixels than the normal eye at high SFs (Ն1.0 cycles/°; Fig. 9A ).
The ocular dominance of single units in area 17 was assessed in A cat A7 (Fig. 9B, 141 units) and NA cat A1 (Fig. 9C, 179 units) at the end of the imaging experiments. In both cats, the fraction of binocular neurons of class 3 was drastically reduced (A cat A8: 5.7%; NA cat A1: 7.8%) compared with the normal distribution in cat area 17. In cat A8 (A1), 36% (25%) of the neurons responded only to the operated eye and 36% (33%) responded exclusively to the normal eye in the hemisphere ipsilateral to the operated eye. Therefore we can exclude that the reduced VEP amplitudes and the reduced contrast in the orientation maps were due to a loss of neurons responding to the operated eye.
D I S C U S S I O N
In this study, we found that responses and tuning for orientation preference of population activity in area 17 evoked by stimulation of the amblyopic eye were impaired at nearly all tested SFs. Hereby, the interocular difference in VEP amplitudes was predictive of the interocular difference in average map vector strength at the same SF and both differences increased with increasing SF.
Nevertheless, the structure of the maps of amblyopic cats was preserved as indicated by preferentially orthogonal intersection angles between orientation domains and ocular dominance borders and continuity of orientation domains over ocular dominance (OD) borders.
Validity of the observations
In this study, VEP amplitudes were taken as an objective indicator of interocular differences in visual acuity because FIG. 8. Mean VEP amplitude difference per SF and cat plotted against the interocular vector strength difference in the corresponding data set of tuning maps. VEP data were taken from the electrodes placed over the respective imaged hemisphere. Positive differences indicate that the right eye was leading; negative differences indicate that the left eye was leading. Since in most of the cases the left eye was squinting, and as a consequence, was the weaker eye, most data points are in the top right quadrant. A significant positive relationship between VEP amplitude difference and vector strength difference can be observed (P Ͻ 0.0001, R ϭ 0.619, n ϭ 66 data sets). phase reversal and pattern VEP amplitudes correspond well with behaviorally tested visual acuity and/or contrast sensitivity in both cats and humans (Campbell and Maffei 1970; Harter and White 1967; Towle and Harter 1977) . Thus VEPs were frequently used before to objectively determine visual acuity in cats (Berkley and Watkins 1971; Campbell et al. 1973; Freeman and Marg 1975; von Grünau and Singer 1980; Yin et al. 1983 ) and in children (e.g., Sokol 1976) .
We observed deficits mainly in recordings evoked through squinting eyes and are confident that these deficits are not result of refractive errors or of deprivation amblyopia induced by the ocular trauma (Crewther et al. 1985; Ikeda and Wright 1976; Ikeda and Tremain 1979; Rauschecker 1991) . First, refraction was double-checked by two experimenters. Second, both optically and electrophysiologically estimated ocular dominance distributions were balanced. Third, in one cat, the nonoperated eye developed reduced visual acuity as described previously (Cleland et al. 1982; Yin et al. 1983) .
Comparison to previous studies
The geometric relationship between orientation and ocular dominance columns in the maps was preserved for both A and NA eyes. As in normal animals (Huebener et al. 1997 ) and divergent (Löwel et al. 1998 ) and convergent NA cats , orientation domains crossed ocular dominance borders continuously and at steep angles. This argues against the hypothesis that suppression of one eye during development alters the layout of the orientation map . It supports the assumption of an early stabilization of the basic layout of the orientation map that is resistant to the reorganization of both thalamocortical and intracortical connections in squinting cats (Löwel et al. 1998; Schmidt et al. 1999) .
Although optical imaging captures activity of many neurons, we did not observe any reduction of neurons preferring vertical contours (Chino et al. 1991; Cynader et al. 1984; Singer et al. 1979 ). However, it is possible that in our study, not all orientation compartments were sampled sufficiently to allow for a pixel-based angle statistic.
Our finding of clearly reduced orientation vector strengths for the A eye at various SFs in area 17 was surprising given the controversial findings in the literature on single cell response properties in cats but matches recent observations in monkeys and humans. We observed variable interindividual degrees of interocular tuning differences (Table 1) correlating with interocular VEP amplitude differences. This is in accordance with observations in behaviorally tested anisometropic and strabismic A monkeys. These showed moderate deficits in SF tuning of single neurons that correlated with the severeness of the behavioral deficit (Kiorpes et al. 1998) . The optical data also match fMRI (Algaze et al. 2002; Barnes et al. 2001; Goodyear et al. 2000 Goodyear et al. , 2002 and PET (Choi et al. 2002; Demer et al. 1997 ; but see Imamura et al. 1997 ) studies in A humans, which demonstrate lower activity levels in early visual areas after stimulation of the A eye.
We have quantified the orientation vector strength, a parameter that can be interpreted as a measure of population orientation selectivity. It is theoretically independent of response strength. Thus lowering of vector strength could indicate that neurons still respond vigorously but become less selective.
However, electrophysiological evidence for a broadening of orientation selectivity in neurons dominated by A eyes is rather weak (e.g., Kalil et al. 1984; Roelfsema et al. 1993; . Vector strength could practically be susceptible to a decrease in signal-to-noise ratio and thus to the decreased response strength of pixels dominated by the A eye (Fig. 4) . Thus the impaired population tuning could be secondary to decreased responses at certain SFs. However, earlier single cell studies in cats rarely reported decreased SF tuning of neurons dominated by the amblyopic eye in central vision (Kalil et al. 1984; Mower et al. 1982; Roelfsema et al. 1994; Singer et al. 1980) . There is rather evidence for reduced spatial and orientation selectivity for both eyes (Chino et al. 1983 (Chino et al. , 1991 or for the subpopulation of binocular neurons Crewther 1990, 1993) . In the latter studies, binocular neurons were dominated by the deviating eye at low SFs and by the nondeviating eye at high SFs. This is compatible with our data indicating that weaker eyes dominate slightly more map territory than fellow eyes at low SFs and less at high SFs. In addition, we could also confirm that the amblyopic eye is contralaterally stronger impaired (Chino et al. 1990 ; but see Kalil et al. 1984) .
In summary, both reduced spatial and orientation selectivity of neurons driven by the amblyopic eye can be responsible for our observation of decreased vector strength. The deficit seems to be more obvious in metabolic population activity than on the single cell level. This could be based on the larger sampling basis in optical imaging but may also be related to the nature of the optical signal. Optical imaging as other measurements of cerebral blood flow also captures response variables that are poorly reflected by spiking activity such as subthreshold synaptic responses (Das and Gilbert 1995; Toth et al. 1996 ; see also Logothetis et al. 2001; Mathiesen et al. 1998 ). This may also be the reason for the close correlation between vector strength and VEP amplitudes. VEPs depend on the number of active synapses impinging on dipole targets rather than on mere spiking activity. Likewise, amplitudes of evoked field potentials elicited from the deviating eye were reduced, which was attributed to enhanced latency scatter caused by intracortically impaired transmission ; see also Eschweiler and Rauschecker 1993) . Indeed, latencies of responses to the deviating eye are prolonged and more variable both after electrical (Freeman and Tsumoto 1983) and visual stimulation (Eschweiler and Rauschecker 1993 ; see also Chino et al. 1983) , indicating a disturbed temporal structure of cortical discharges. Indications for reduced temporal precision of firing are that cells connected to A eyes cannot synchronize their responses in the millisecond range at high SFs (Roelfsema et al. 1994) . Thus a disturbance in the temporal structure of synaptic, partly subthreshold, activity impinging on supragranular neurons connected to the A eye might have contributed to the impairment of optical signals.
Neuroanatomical substrate
The decrease in vector strength might be a consequence of impaired intra-areal or interareal connectivity or both. Indirect evidence is compatible with both possibilities. Tangential intrinsic connections contribute to orientation selectivity (e.g., Crook et al. 1997) and to synchronization of responses across columns (Gray et al. 1989 ). The latter is impaired in amblyopic cats, suggesting abnormalities at the level of intrinsic connections (Roelfsema et al. 1994) . There is no evidence that intrinsic connections in strabismics are quantitatively altered within the eye-specific territories (Löwel and Singer 1992; Tychsen and Burkhalter 1995; Tychsen et al. 1996) , and exotropic squinters develop orientation-specific connections for both eyes (Schmidt et al. 1997) . However, exotropic squinters become less frequently A than esotropic squinters (Duke-Elder and Wybar 1973), and actual data on the specificity of intrinsic connections in tested amblyopes are still lacking.
In support of the involvement of feedback connections is evidence that vector strength and response strength in orientation maps in cat areas 17 and 18 decrease when feedback from extrastriate cortex (PMLS) is blocked (Galuske et al. 2002; Schmidt et al. 2000) . The number of neurons driven by the amblyopic eye in area PMLS is slightly lower than that of neurons driven by the normal eye (Schröder et al. 2002; Sireteanu and Best 1992) . Therefore reduced responses in area 17 of amblyopic cats might be due to a lack of eye-specific feedback connections from PMLS where the affected eye is under-represented.
Conclusion from this study
Accepting visual acuity loss as an indicator of amblyopia, our results indicate that amblyopia is not associated with structural changes of the orientation preference maps in V1. Nethertheless, we confirm observations in monkeys and humans that cortical processing of visual information from the A eye is already disturbed at this level.
